by avoiding the soot and NO x formation peninsulas, which can be seen in 8 equivalence ratio -temperature diagrams [3] . The lack of control over the 9 autoignition process and over the heat release rate are the main challenge 10 to implement these new combustion strategies in commercial reciprocating 11 internal combustion engines [4] .
12
The ignition control is much more difficult under these conditions because 13 of the absence of a explicit ignition-controlling event, such as a spark or an 14 injection process when very reactive conditions are reached in the combus-15 tion chamber (near top dead center). Thus, the ignition is controlled by the 16 chemical kinetics of the charge [5] , which can be modified by adjusting the 17 engine operating parameters, such as the Exhaust Gas Recirculation (EGR) 18 rate and the inlet temperature. Therefore, it is necessary to improve the ca-19 pability of predicting the autoignition event to properly modify the operating 20 conditions of the engine and control the heat release.
21
Although ignition can be reasonably predicted by using advanced CFD codes with detailed chemistry, the required computing time is too long to proposed by these authors is the following:
where t i is the ignition delay of the process and τ is the ignition delay under is just a consequence of the hypotheses assumed for its development.
57
The validity of the Livengood & Wu integral under certain conditions has 58 been wondered by several authors [13] . When a two-stage ignition occurs, the 59 integral method is not able to accurately predict any of both delays because
60
it is based on a single global reaction mechanism that ignores the cool flames. 
112
A scheme of the RCEM is shown in Fig. 1 . The RCEM is pneumatically 113 driven and its pistons are hydraulically coupled. As it can be seen, it can 114 be divided in two different zones, the experimentation zone and the driving 115 zone. The experimentation zone is composed by the combustion chamber.
116
The driving zone is composed by four different pistons. Piston 1, which is 117 called pushing piston, is pneumatically driven and hydraulically coupled to heaters of 180 W each, which are responsible for heating the cylinder walls.
138
The walls temperature is measured by three thermoresistances PT1000 lo- driving module. This injection system has been characterized as explained in [20] .
154
The acquisition system is a Yokogawa DL850V composed by one 10 MHz-
155
12 bits module and five more 1 MHz-16 bits modules with two channels each.
156
The acquisition frequency is fixed to 10 MHz, which is necessary to capture 157 the pulses of the incremental position sensor. However, the in-cylinder pres-158 sure and the injection pressure are recorded at 1 MHz.
159
The RCEM is filled from an external tank that can be heated up to Wu integral by avoiding some of its hypotheses.
191
The low-temperature chain branching mechanism is the dominant one in time dt, the ignition time can be obtained as follows:
where t i is the ignition delay of the process and τ and [I] crit are the ignition The theoretical development performed to characterize the autoignition 213 phenomenon is described in detail in Appendix B. confidence of 95% may be higher than the 1% of the ignition delay average.
231
Thanks to the high repeatability of the machinen only five measurements are 232 needed for each case.
233
In this work the autoignition of the mixture is considered to be produced 234 when the time derivative of the pressure signal (which will be referred as 235 pressure rise rate or, simply, pressure rise further on) reaches a maximum.
236
Thus, the ignition delay in the experimental facility is defined as the time 237 between the start of the rapid compression process and the instant in which 238 the maximum pressure rise is obtained, as can be seen in Fig. 2 .
239
Finally, the temperature profile is calculated for each experiment by ap- order to be consistent with the theoretical aspects of the predictive methods.
CHEMKIN and chemical kinetic mechanisms

266
Any active radical with chain behavior can be taken as chain carrier, e. g.
The model used to obtain ignition delays under transient conditions is a The performed experimental study was as follows:
301
• Fuel: n-heptane.
302
• Initial temperature (T 0 ): 373 K and 383 K.
303
• Initial pressure (P 0 ): 0.134 M P a and 0.178 M P a.
304
• Compression stroke: 200 mm and 249 mm.
305
• Compression ratio (CR): 13, 15 and 17.
306
• Engine speed: 1000 rpm.
307
• Oxygen mass fraction (Y O 2 ): 0.23, 0.16, 0.13 and 0.10.
308
• Equivalence ratio (F r): from 0.27 to 1.45 depending on the oxygen 309 mass fraction.
310
The maximum equivalence ratio is limited by the working oxygen mass 311 fraction in order to avoid extremely violent combustions. The performed 312 parametric study can be seen in Table 2 . date the mechanism in the desired range.
325
As can be seen in Fig. 3 and Fig. 4 , simulations reproduce with high 326 accuracy not only the trends, but also the values of the experimental results.
327
Ignition delay is defined in both cases as the time between the start of the 328 compression process and the instant in which the maximum pressure rise 329 occurs. As it is expected, the lower the oxygen mass fraction, the higher the 330 ignition delay (Fig. 3) . Besides, Fig. 3 also shows that ignition delays decrease 331 when the compression ratio is increased, since the higher the compression (Fig. 4) .
336
The percentage deviation in ignition delay, ǫ, was calculated in order to 337 compare more easily experimental and simulation results. This deviation is 338 defined as follows:
where t i represents the time of ignition (ignition delay under transient con- 
344
The ignition delay deviation is shown in Fig. 5 for all cases. The mean 345 square deviation,ǭ 2 , has been calculated and its value can be seen in the 346 figure.
347
The results show that simulations are able to reproduce the experimental 348 ignition delays with quite good accuracy. In fact, the confidence interval for 
371
As can be seen in Fig. 7 and Fig. 8 , ignition delays can be predicted 
382
Reactions that control the cool flames basically depend on temperature.
383
Moreover, the higher the equivalence ratio or the lower the oxygen mass 384 fraction, the higher the heat capacity of the gas mixture. Since a higher 385 heat capacity means higher heat sink effect, the mixture with a higher heat 386 capacity also undergoes (obviating chemical aspects) a slower temperature 387 increase. Thus, a richer or a more diluted mixture leads to later cool flames 388 and longer ignition delays t i,dP 1 and t i,CH 2 O (Fig. 7 and Fig. 8 ).
389
In the low-temperature chain branching mechanism, the decomposition constant leads to shorter ignition delays (the integral increases more rapidly).
405
The percentage deviation in ignition delay (or prediction deviation), ε,
406
was calculated in order to compare more easily the prediction capability of 407 the methods. This deviation is defined as follows:
where t i represents the time of ignition (ignition delay under transient con- by Int.
415
The prediction deviation is shown in Fig. 9 overpredicts the ignition delay and presents the highest prediction deviations.
446
In general, these points correspond also to the highest prediction deviations 
487
The following conclusions can be deducted from this study:
488
• The predictive methods presented in this paper are based on the premise 489 that autoignition occurs when the critical concentration of chain carri-490 ers is reached. Therefore, the predicted ignition delays will be referred 491 to this criterion and the information used to obtain the predictions may 492 be also referred to this criterion.
493
• Care should be taken in comparing the predictions obtained from the 
507
• The trends of the ignition delay are different depending on the criterion 508 used to define it. Cool flames are strongly dependant on temperature.
509
Thus, the higher the equivalence ratio or the lower the compression 510 ratio and the oxygen content (higher EGR rate), the later the appear-
511
ance of the cool flames. Besides, the low-temperature chain branching 512 mechanism depends on radical species formed directly from the fuel.
513
Therefore, the higher the equivalence ratio, the earlier the maximum 514 pressure rise. sociated to engines [34] .
539
The RCEM available at CMT-Motores Térmicos has some important fea- cleaner environment than in a traditional engine, without residual gases and 552 with full control over the initial pressure and temperature, the volume and 553 the trapped mass.
554
A scheme of the RCEM is shown in Fig. A.11 . The RCEM is pneumati-555 cally driven and its pistons are hydraulically coupled. As it can be seen, it can 556 be divided in two different zones, the experimentation zone and the driving 557 zone. The experimentation zone is composed by the combustion chamber.
558
The driving zone is composed by four different pistons. Piston 1, which is 559 called pushing piston, is pneumatically driven and hydraulically coupled to 560 piston 2, which is called driver piston and is directly connected with the 561 combustion chamber. Piston 3 is hydraulically driven and it can be adjusted 562 to select the compression stroke. Finally, piston 4 contains the compressed 563 air that drives the machine.
564
First, the oil is pressurized by the driving gas, which is compressed air.
565
The driver piston does not move because it is perfectly coupled to piston The corresponding operating points can be seen in Table A .3, with an 595 initial temperature, pressure and stroke of 383 K, 1.34 bar and 249 mm.
596
In that case, the criterion to define the start of ignition delay is the time it is equal to 0.9069. 
where a st represents the oxygen-to-fuel molar ratio under stoichiomet-632 ric conditions, which is equal to n + m/4. Besides, F represents the fuel,
633
Q represents the typical intermediates of the high-temperature fuel decom- 
642
The NTC behavior can be modeled by introducing a backward reaction in
643
R3.
644
The low-temperature chain branching mechanism is the dominant one in 645 internal combustion engines (ICE) [22] , since the evolution of the in-cylinder 646 temperature covers a wide range below 1000 K during the ignition delay.
647
Thus, if ignition delays under ICE conditions want to be predicted, reactions
648
R1 and R2 can be obviated. Under these hypotheses the species conservation 649 equations can be written as follows: 
684
The new integral presented in this paper can be obtained by applying a 685 similar theoretical development to different autoignition models, e. g. the
686
Glassman's model [42] . In [33] , the authors propose an alternative method 687 to predict ignition delays under transient conditions, the RCCC-method. 
